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METHOD AND GRAPHS FOR THE EVALUATION OF AIR-INDUCTION SYSTEMS !

By George B. BRAINIKOFF

SUMMARY

Graphs have been developed for rapid evaluation of air-
induction systems from considerations of their aerodynamic-
performance paramelers in combination with power-plant
characteristics. The graphs cover the range of supersonic Mach
numbers up to 8.0. Erxamaples are presented for an air-induction
system and engine combination at two Mach numbers and two
altitudes in order to Ulustrate the method and application of the
graphs. The examples show that jet-engine characteristics vm-
pose restrictions on the use of fixed inlets if the mazimum net
thrusts are to be realized at all flight conditions.

INTRODUCTION

In order to obtain a true indication of the worth of a given
pir-induction, system as a component of a propulsive unit,
it is necessary to employ an evaluation parameter that repre-
sents a summation of all the gains and penalties resulting
from the use of that particular system. Such a parameter
should consider not only the aerodynamics of the entire
installation but also such factors as the weight, mechanical
complexity, purpose of the aircraft, and manv others.
Obviously, such a universal parameter is difficult to derive
and even more difficult to apply. For this reason, it is con-
venient to make a partial evaluation based on the aero-
dynamic considerations before attempting a general evalua-

tion. In such a case, the net thrust or the net thermal -

efficiency can be used as figures of merit because they pro-
vide a measure of the aerodynamic and thermodynamic
qualities of the installation. The net thrust represents the
force remaining after subtraction of the drag chargeable to
the propulsive system from the thrust that it develops. The
net thermal efficiency may be obtained from the net thrust,
the flight velocity, and the rate of fuel consumption.

The maximum net thrust and thermal efficiency attainable
with a jet-engine installation depend greatly on the per-
formance of the air-induction system employed. The char-
acteristics of air-induction systems are usually presented in
terms of total-pressure recovery, external drag coefficient,
and mass-flow ratio. Unless all three of these parameters

for one system excel those for another at supersonic speeds, -

it is difficult to choose the better system because of the
interdependence of the engine and induction-system para-
meters. Because of this interdependence, it is necessary to
combine the induction system and power-plant characteris-
tics so as to obtain a single figure of merit for the complete
installation. By comparing the figures of merit, it is pos-
gible to establish the relative aerodynamic worth of each of
the air-induction systems considered when they are used with
a given engine.

The effects of changes in various parameters on the over-
all performance of propulsive systems have been evaluated
in the past (see refs. 1, 2, and 3); however, the scope of each
of these investigations was limited because the magnitude
of changes due to variations in parameters were determined
for specific engines or specific installations. Therefore, the
results have quantitative significance for the assumed in-
stallations only and cannot be applied directly to propulsive
gystems having component characteristics different from

- those used in the analyses.

The purpose of this report is to present & method of eval-
uation of various air-induction systems when combined with
arbitrary jet engines, and to present graphs that were de-
veloped to permit rapid determination of the thrust coeffi-
cients of a wide variety of jet-propulsion systems (ram jets,
turbojets with afterburning, ducted fans, etc.). The eval-
uation is based on considerations of the air-handling quali-
ties of the induction systems and the component characteris-
tics of engines. The method allows selection of the aero-
dynamically optimum combination of an induction system
and engine for a particular set of flight conditions. Thus,
it provides the initial solution in the more general problem
that considers the relative merit of systems for a range of
flight conditions,

NOTATION

A cross-sectional area at any point of stream
tube containing the air flowing through the
propulsive system, sq ft

a speed. of sound, ft/sec

Op external drag coefficient of propulsive system
based on maximum frontal area of installa-

. D . .
tion, 75 r+ dimensionless
Cp,’ external drag coefficient of propulsive system -
based on free-stream cross-sectional area of
stream tube entering the inlet, ?122? dimen-
0
sionless
internal thrust coefficient based on maximum
frontal area of installation, ié,p dimension-
Qo
less .
internal thrust coefficient based on the free-
stream cross-sectional ares of stream tube

entering the inlet, -q%if’ dimensionless
Q

1 Supersedes NACA. TN 2697, “Method and Graphs for the Evaluatfon of Air-Induction Systems,” by Gearge B. Brajnikoff, 1052
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net thrust coefficient based on the free-stream
cross-sectional area of stream tube entering
the inlet, Cr, —OD , dimensionless

net thrust coefficient based on maximum
frontal area of engine, dimensionless

drag force chargeable to propulsive system if
the engine thrust is defined as the total
momentum at the exit station less that of
the incoming flow in the free stream,
D @+»—Dp+Dar, Ib

pressure and friction drag forces acting on the
basic body shape (fuselage) without an air
inlet, 1b

total momentum of the incoming mass of air
at the entrance station less the total
momentum of the same mass of air in the
{ree stream [(p1d;+m V) — (pedo-+m, V)],
b

pressure and friction drag forces acting on
the external surface of the combined basic
body and the propulsive system, Ib

net thrust force, F,—D,, 1b

internal thrust force (rate of momentum
change of internal flow between free-stream
and the tail-pipe exit where static pressure
is assumed equal to the free-stream static
pressure), 1b

acceleration due to gravity, ft/sec?

specific enthalpy, Btu/lb

mechanical equivalent of heat, 778 ft-1Ib/Btu

lower heating value of fuel, Btu/lb

Mach number, dimensionless

mass-flow rate, slugs/sec

P1V1A1

poVod,;

actual rotationel speed of engine, rpm

corrected rotational speed, n\/ li‘:%,?—l—g;
(where v and T correspond to stagnation
conditions at the inlet of the unit under
consideration), rpm

static pressure, Ib/sq-ft

total pressure, lb/sq ft

dynamic pressure, lb/sq ft )

maximum frontal areg of power plant, sq ft

maximum frontal area of installation, sq ft

static temperature, °R

total temperature, °R

speed, ft/sec

weight-flow rate, 1b/see

ratio of specific heats

mass-flow ratio,

D

t 1

net thermal efficiency of propulsive system
(net thrust times the flight speed divided
by energy input rate)

combined adiabatic efficiency of compressor
and turbine

pressure correction factor,

\

]
temperature-correction factor, 1—45#
t

| =

p mass density, slugs/cu ft

SUBSCRIPTS
a air
B body
c compressor
D drag
F thrust
f fuel
1 internal (within boundaries of stream tube
entering the inlet)
total momentum ,
conditions corresponding to flight Mach
number
n net
opt optimum conditions (conditions of best per-
formance)
P propulsive system
P power plant
sl , at standard sea-level static conditions
t stagnation conditions -

station, as shown in figure 1

SUPERSCRIPTS

’ based on free-stream area A,
* reference (such as frontal area, used in drag coefficient)

METHOD

. The method of evaluation consists of determining the
maximum net thrust coefficient based on the frontal area
of the engine at various conditions of flight. The present
report considers primarily the net thrust coefficient because
the net thermal efficiency depends directly on the net
thrust coefficient (see eq. (A8) of Appendix A); the evalua-
tion at a given flight condition leads to the same conclusions,
regardless of which of the two parameters is used. The net
thermal efficiency is useful in evaluating complete flight
plans when range and endurance must be considered.

In order to evaluate an induction system, the following
information must be available:

1. The induction-system characteristics py/py, mi/my,
and Cp, (which represents the total drag chargeable to the

propulsive system) for various Mach numbers and ratios
of inlet area to frontal area of the installation

2. The engine characteristics, such as the exhaust-to-inlet
pressure and temperature ratios and the air-handling ca-
pacity (volume of air consumed per second)?

With this information, an inlet size can be selected for
the propulsion system such that it operates at any desired
mass-flow ratio and provides a constant volume of air as
required by the engine. The inlet size and the mass-flow
ratio in turn determine the external drag of the system.

2 The ram-Jet and turbojet engines operate essentislly with constant-volume flow slnco the
veloci€y past the flame holder and at the compressor intake must romein constant at tho
maximum allowable values, This conditlon s required {n order to obtaln the maximum
thrust with an engine of a glven frontal area.
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By the use of the induction-system and engine-performance
data corresponding to the operating condition, it is possible
to calculate the net thrust coefficient.

In general, the method entails the following steps:

1. The thrust coefficient Cp,’, based on the free-stream
area 4, of the air required by the engine, is calculated for
the given engine as a function of total-pressure recovery
for the flight Mach number and altitude. This computation
is performed using the induction-system characteristics
(py/py, 28 o function of my/m,), the graphs presented in this
report, and equation (A3) of Appendix A.

2. The drag coefficient attributable to the propulsive
system at various mass-flow ratios, Cp,), is transformed to

Cp,” by multiplying Cp, by the ratio S*/4,. (See eq. (A4)
of Appendix A.)
3. The net thrust coefficient Cr," (based on 4,) at various

mass-flow ratios is obtained by subtracting the drag co-
efficient Cp, (step 2) from the thrust coefficient Cr,’ (step
1). (See Appendix A, eq. (A86).)

4. The net thrust coefficient Cy based on the frontal
aren of the engine is obtained by transforming Cr,’ (step 3)
by means of equation (A7) of Appendix A. '

After these calculations are performed for the range of
operational mass-flow ratios, the maximum net thrust
coefficient attainable with the given induction-system and
engine combination is found from the plot of Cr, as a func-
tion of m,/mq.

A3
DETERMINATION OF THE MAXIMUM NET THRUST COEFFICIENT

Many air-induction systems produce highest total-pressure
recoveries at mass-flow ratios less than the maximum attain-
able at a given supersonic Mach number. As the mass-flow
ratio is reduced from its maximum value until the maximum
total-pressure recovery.is attained, the thrust coefficient

Cr, increases due to rising recovery and so does the drag

coefficient Cp " due to increasing additive drag (see ref. 4).
Thus, in this range of mass-flow ratio, the total-pressure
recovery and drag have opposite effects on the net thrust
coefficient Cp,’. To attain the maximum net thrust coeffi-

cient it is necessary, therefore, to provide the air required by

the engine at an optimum mass-flow ratio that provides the
best compromise between thrust and drag.
Determination of internal thrust coefficient, Cr/—When

calculations of the net thrust coefficient are made in order to
find the optimum mass-flow ratio, it is convenient to consider
the flow field existing about a propulsive system to be divided
in two parts, internal and external, the boundary being that
of the stream tube surrounding the air which enters the
system. The flows within these two regions may be analyzed
separately, and the results can be combined to obtain a
figure of merit for the complete system. It is shown in

Appendix A (eq. (A3)) that when the thrust due to internal '
flow is expressed in coefficient form (Cr,’) baséd on the free- -

stream area of the stream tube entering the induction system
(4o), the significance of the quantity of air required by the
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engine disappears. Then, the magnitude of Cr,” depends only
on the ratio of the exhaust and flight velocities. (The
contribution of the mass of fuel burned, w,/w,, to the thrust, .
Cr/, is usually on the order of only 5 percent at rated
conditions and, for purposes of induction system comparison,
may be neglected.) This fact makes it possible to isolate
the effects of the total-pressure recovery on the thermo-
dynamic cycle which determines the magnitude of the in-
ternal thrust coefficient Cr, attainable with given engine

characteristics at a fixed Mach number and altitude. To
reduce computational effort and to make the determination
of the internal thrust coefficient universal, graphs based on
the thermodynamic cycles of jet engines have been devel-
oped. g

The processes undergone by the internal air flow from one
station of a propulsion system to another have been repre-
sented graphically in figures 2 to 4 using the tables and
methods of reference 5. (See example 16 of ref. 5 for illustra-
tion of the method of solution for various states of the gas.)
The subscript numerals designate the stations shown in
figure 1. The assumptions used are independent of any
actual installation. They are as follows:

1. For a turbojet engine, the specific enthalpy change
through the turbine is equal to the specific enthalpy rise in
the compressor (calculated as if the compression were
isentropic) divided by the product of the adiabatic efficiencies
(the combined efficiency) of the two units.

2. The air-fuel ratios are those necessary to maintain the
assigned combustion temperature by complete combustion
of a fuel with the lower heating value (L. H. V.) equal to
19,000 Btu per pound. .

3. The flow in the exhaust nozzle is isentropic; it has the
properties of air at the exhaust temperatures and leaves the
tail pipe at free-stream static pressure at all flight conditions.
(This assumption requires an adjustable exhaust nozzle with
variable throat and exit areas 4,, and 4;;.)

Flight and exhaust velocities can be determined from figure
2 for ram jets and also for turbojets if the engine performance
is available in the generalized form (p,/p, and Ty/Ty)
suggested in reference 6. If not, figures 3 to 5 must be used
to find the effects of engine operation on the fluid conditions
at the engine outlet or at the entrance of the exhaust nozzle.
Quadrant I of figure 2 presents the variation of the free-
stream Mach number with the speed of flight at various
altitudes. Quadrant IT yields the ratio of recovered total
pressure to free-stream static pressure (p,/p,) 2s a function

of total-pressure recovery (Py/py,) of theair-inductionsystem.
Quadrant IIT shows the highest exhaust Mach number
obtainable with the available pressure ratio (p,/ps), Which
includes mechanical compression due to the power plant, as a
function of the total temperature of the exhaust. The last
quadrant provides the exhaust velocity corresponding to the
exhaust Mach number and the total temperature T, when
pn=7p,. A correction for the exhaust-nozzle losses can be
applied to the exhaust velocity, which was calculated on the
assumption of isentropic flow, if the actual-to-theoretical
jet-speed ratio is known. (Seeref. 4.) -
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The temperature graph, from which the total temperature
at various stations throughout the propulsive system can be
determined, is shown in figure 3. The effects of altitude,
- flight Mach number, mechanical compression, and burning
of the fuel are included in this figure. Quadrant IV can be
used to find the temperatures or the amounts of fuel con-
sumed in afterburning as well as in the main combustion
chambers. The effects of incomplete combustion or of a
different fuel heating value on fuel consumption can be
taken into account by direct ratios of combustion efficiencies
or of the heating values. The temperature graph is used in
conjunction with the compressor-turbine graph shown in
figure 4 from which the turbine expansion ratio necessary to
drive the compressor can be determined. This figure also
provides the resulting total temperature at the turbine
outlet (7%,) for a given inlet temperature.

Figure 5 presents the variation of the temperature correc-
tion factor with temperature at the compressor or turbine
inlet. This figure is used to calculate the engine operational
conditions from the performance parameters corrected to

standard sea-level conditions. The effect of temperature .

on the ratio of specific heats for air has been included in the
temperature correction factor for the compressor because the
stagnation temperature of the free stream varies sufficiently
to cause error if it were neglected.

The graphs described above allow determination of the
velocities and air-fuel rates that must be known in order to
calculate the internal thrust coefficient Cr’. The coefficient
Cr,’ is computed by substituting thes,e quantities in-equation
(A3) of Appendix A.

Determination of the external drag coefficient Cp ,~—1Lhe
total drag chargeable to a propulsive unit consists of drag
attributable to the induction system, to the modification of
the airframe necessary to house the engine, and to the inter-
ference of the pressure field of the propulsive system with
other components of the aircraft. The magnitude of drag
chargeable to the induction system depends on the amount
of diffusion ahead of the inlet, which is'a function of mass-flow
ratio (see ref. 7), and on the geometric proportions of the
induction system which may be described, in general, by
the length of the induction system and the ratio of inlet
area to the frontal area of the installation (4;/S*). The
inlet area necessary to provide the air required by the engine
depends on the inlet mass-flow ratio; if the optimum mass-
flow ratio is unknown, the value of the ratio 4;/S* necessary
for optimum operation is also unknown. Thus, when the
optimum mass-flow ratio is being calculated, it is necessary
to compute the variation of the net thrust coefficient Cr,
with mass-flow ratio for several values of .4,/S* which are
between the value for the inlet operating at the maximum

mass-flow ratio and that required at the mass-flow ratio for
maximum. total-pressure recovery.

In practice, induction-system characteristics are usua.lly
obtained from tests with models having a fixed A4;/S* ratio.
If data for various ratios are unavailable, it is necessary to
estimate the effects of A,/S* ratio on the total-pressure
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recovery and drag. The total-pressure recovery usually is
not affected appreciably by small changes in the inlet size.
The changes in drag, however, must be taken into consider-
ation at a given mass-flow ratio, the additive drag varies
directly with the inlet area, while the surface pressure drag,
which is roughly proportional to the square of the angle of
inclination of the external surface of the induction system
with respect to the flow direction decreases shghtly as the

.inlet area is increased.

DETERMINATION OF INLET SIZE FOR OPTIMUM OPERATION

To develop maximum thrust at a given flight condition
with an engine operating with & fixed volumetric capacity, it
18 necessary to match the engine and the induction system so
that the latter operates at the optimum mass-flow ratio.
This condition is attained when the induction-system inlet
area (4, is such that the cross-sectional area of the free-
stream tube. entering the inlet (4,) is equal to that required
by the engine. For a fixed volumetric capacity, the area A,
required by the engine varies directly with the total-pressure
recovery at the exit of the induction system. This area
(4,) can be found using relations given in Appendix B (see
egs. (B1) and (BS)) and the engine characteristics. The
inlet area (A4;) can be found from the equation defining the
mass-flow ratio, that is, m,/me=A4,/4,.

The engine air requirements change with Mach number and
altitude, and the optimum mass-flow ratio usually changes
with Mach number. Thus, it is unlikely that any one pro-
pulsive system will develop the maximum net thrust at all
flight conditions unless the inlet area is adjustable. If the
engine air requirements are adjusted to the characteristica of
the induction system having a constant inlet area by means
of engine-speed control, the propulsive system will not
develop the attainable maximum net thrust at off-design
flight conditions.® Appendix C presents the relations be-
tween the mass-flow ratio, the total-pressure recovery, and
the engine air requirements at various engine speeds; these
relations provide the information necessary for computation
of engine performance at part-throttle operation.

ILLUSTRATIVE EXAMPLES
APPLICATION OF GRAPHS

The use of the graphs can be demonstrated best by illus-
trative examples. For this purpose a ram jet and a turbojet
with and without afterburning have been selected. When
the charts are used for determining the internal thrust
coefficients of actual instellations, the actual induction
system and engine characteristics are used; in the present
report, these characteristics have been assumed. The com-
putations were performed for various total-pressure recoveries
(/P4 from 1.0 to 0.4) and Mach numbers (M, from 1.0 to .
3.0) in order to obtain data for the example induction-system
calculations presented later in this report.

Ram jet.—The steps of solution, presented in tabular form,

.for & ram jet flying at a Mach number 2.0 in the isothermal

3 Since the engins ordinarfly runsat the maximum speed allowable for continuous operation
(rated rpm), the speed control can only reducs the speed. Thus, the welght of alr handled
per second and the operating temperature decreaso with the result that thrust decreasocs,
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region of the atmosphere are as follows (the assumed values
are indicated by asterisks):

Item Source Units Quantity
1t
Yo Fig. 2, quadrant L. = 1940
]
%:— Induction-system characteristics. Nons—....... *0.80
Py
Y Fig. 2, quadrant IL None 8.25
Ty Fig. 3, quadrants I and IT. °R. 708
Ty Operating temperature °R.._ *3000
0 1b alr
TE}). Fig. 3, for Ty ond Tty s 1B fagl 29.6
P
o p_" 22 None_______. 8.25
o » Py
i Fig. 2, quadrants IIT and IV for pu/po and | None. ... 3913
Th.
Cr/ 2 [ (1 L4 - ] NODo.——_. 2.170

The loss of total pressure between stations 3 and 9 was
neglected. However, such loss can be taken into account
by reducing the value of p,/p,, by the amount of loss.

Tigure 6 shows the variation of the internal thrust coeffi-
cient Cp’ with the total-pressure recovery and Mach

number computed using the procedure outlined in the sample
calculation. The temperature of combustion was assumed
to be 3000° R throughout the range of Mach numbers. It
must be remembered in the use of this figure that, since a
fixed temperature was used, either the size of the inlet or the
mass-flow ratio must reduce with decreasing total-pressure
recovery or the critical area of the exhaust nozzle must be
increased to compensate for the greater specific volume of
the air handled.

Turbojet.—In order to find the variation of the internal
thrust coefficient for the turbojet without and with after-
burning, the generalized characteristics of the engine shown
in figure 7 were used. Constant actual speed n of 12,500
rpm (rated speed at standard intake conditions) was assumed
for the entire range of operation in both cases. The com-
pressor characteristics were selected so that the pressure
ratio at Mach number 1.4 would be 6.25. (The reasons for
selecting this pressure ratio are discussed in Appendix D.)
The effects of Reynolds number index (the ratio of Reynolds
number to Mach number, see ref. 6) on the compressor
characteristics have been neglected. The turbine charac-
teristics necessary to satisfy the engine operational require-
ments were determined using figures 3, 4, and 5 upon
assumption of the variation of the adiabatic efficiency 7,
with corrected turbine speed for sea-level static conditions.
The operational limits were fixed by the assumptions of: (1)
the combustion temperature (2000° R) at rated engine
speed; (2) the equality of actual rotational speeds of com-
pressor and turbine; and (3) the equality of compressor and
turbine pressure ratios at the idling speed.

The internal thrust coefficients for the turbojet with
afterburning were computed on the assumption that the
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total fuel consumption (engine plus afterburner) per pound
of airis equal to that of the ram jet at the same Mach number.
The steps of solution for the turbojet without and with after-
burning are given in chronological order in table I which
contains the computations for flight at Mach number 2.0 in
the isothermal region of the atmosphere.

As in the case of the ram jet, the losses of total pressure

due to combustion and friction (p": —?ﬁ, p'“ and Py were
j Dy Pt-, P
neglected. Such losses, however, can be readily accounted

for when p,,/p, is computed.
The variation of the internal-thrust coefficient Cr,” with

total-pressure recovery computed for a range of Mach
numbers is shown in figure 8. The variations of the internal
thrust coefficients with Mach number and total-pressure
recovery were calculated for the engine characteristics
pertaining to a fixed actual engine speed. Thus, as the
total-pressure recovery decreases at a given Mach number
and altitude, the size of the air inlet or the mass-flow ratio
must be reduced for & fixed-size engine.

CALCULATION OF OPTIMUM MASS-FLOW RATIO AND INLET AREA

To illustrate the calculation of the maximum net thrust
coefficient and of the required inlet area, the assumed
characteristics of an air-induction system will be combined
with the assumed engine characteristics shown in figure 7.
In addition, the flight conditions of the example calculations
will be selected 80" as to demonstrate the effects of Mach
number and altitude on the maximum net thrust coefficient,
the optimum mass-flow ratio, and the inlet area necessary
for optimum performance

Ezample 1.—Flight is in the isothermal region of the
atmosphere at Mach number 2.5. The engine operates at

the rated actual speed and uses afterburning to the extent
that the total fuel consumption is equal to that of a ram jet
having & 3000° R combustion temperature T, .. (See figs.
1 and 6.)

Example 2.—Flight is in the isothermal region of the
atmosphere at Mach number 1.2. The engine operates at
the rated actual speed and uses no afterburning.

Exa.mple 3.—TFlight is at sea level at Mach number 1.2,
The engine operates at the rated actual speed and uses no
afterburning.

To simplify presentation, the effects of the ratio of inlet
ares to the maximum frontal area of the installation (4,/5%)
on the drag coefficient and total-pressure recovery will be
neglected; that is, the characteristics for a fixed (4,/S*) ratio
will be used to find the optimum mass-flow ratio. The
engine frontal area S will be assumed equal to 70 percent
of S*, and 4,/S*==0.20 will be used in all examples; it will
also be assumed that the engine operates at a constant speed
(12,500 rpm) at all times, and that its size is such that it
requires 4,=1 square foot when p./p,=1.0 and M,=1.0
at sea level, that is (w,,;)=54.6 Ib/sec.

The assumed characteristics of the induction system to be
evaluated are shown in figures 9 and 10. This system,
designed for M,=2.5, uses one oblique shock wave ahead of
the entrance and a normal shock wave just inside the inlet
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at the maximum mass-flow ratio. The A4,/S* ratio is typical
of induction systems of the side-scoop type. At M,=1.2,
the maximum mass-flow ratio is less than at My=2.5 because
the normal shock wave is well ahead of the entrance and a
considerable portion of flow is deflected past the inlet. For
~ the same reason, the minimum external drag coefficient
Cp,.is higher as o result of a greater additive drag coefficient
(seeref. 7). The total-pressure recovery is higher at M,=1.2
because the normal shock wave occurs at a lower Mach
number. -

In all cases the solution follows the outline glven in the
section entitled “Method” of this report.

Step 1: The variation of the internal thrust coefficient
Cr,’ with py/p,, at flight Mach number and altitude is calcu-
lated. Figure 11 shows the internal thrust coefficient Cp,’

for example 1 obtained from the cross plot of data of figure
8 for My=2.5.

Step 2: The external dra,g coefficients shown in figure 9,
when converted to A, using equation (A4) of Appendix A
and A4,/S*=0.20, assume the values shown in figure 11.

Step 3: The net thrust coefficient C’pa is obtained by sub-
tracting Cp_’ from Cf,” of figure 11.

Step 4: The net thrust coefficient Cr_ , obtained using the

.

' OF.=OP:; > ml _OF

—0.286 Cr ’ (ﬁt)
= \m

and the values found in step 3, are shown in figure 12 for
example 1.

Similar caleulations for examples 2 and 3 yleld the results
shown in figure 13. In the case of example 3, curves similar
to those of figure 8 for sea-level flight must be used.
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The free-stream-tube area necessary to supply the air
required by the turbojet engine of the illustrative examples
is shown in figure 14 for various Mach numbers and total-
pressure recoveries at two altitudes. The curves shown were
obtained using equation (B8) of Appendix B. The inlet
areas required at each of the three flight conditions to produce
maximum net thrust coefficients Cr, were obtained by
dividing the free-stream areas A, required by the- engine
when the total-pressure recoveries are equal to those at

(—%ﬂ)m: by the respective (%0)”‘- .

The results of the calculations are summarized in the
following table:

m\ | Masimum | a6t aon
m mum arca
Examplo >m Cra (A ept
5q it
1 1.65 ©0.750 0. 704
2 .84 . 450 1.078
3 04 149 916

These results indicate that the inlet area required for
optimum performance must change with altitude at a fixed
Mach number, as well as with Mach number at a fixed
altitude. Although the results depend entirely on the
variation of the induction system and engine characteristics
with Mach number and altitude, it is unlikely that any one
propulsive system will develop the attainable maximum net
thrust throughout the range of Mach numbers and altitudes
unless some means of varying the inlet area are employed.

Anms ABRONAUTICAL LABORATORY,
NaTIONAL ApVisorY COMMITTEE FOR ABRONAUTIOS, -
Morrerr Frewp, Cavtr., February 19, 1958.



APPENDIX A
RELATIONS DESCRIBING NET THRUST COEFFICIENT AND NET THERMAL EFFICIENCY

The internal thrust force and the internal thrust coefficient
are given by the following relations when the exhaust pressure
is equal to free-stream static pressure:

P20 [(1+ Vu—Vo:l

ot [(142) BT [(14) B

(A1)
~as=2 [ () 7-1]

(A2)
where wyfw, represents the total amount of fuel consumed
per pound of air handled. When based on the free-stream
area of the stream tube entering the duct, the internal
thrust coefficient is given by

'

O _OF, =2 [(1 +er V“ 1] (A3)
Similarly,
, S* S*

ODP =0Dp _A_o_ OD A ml (A4)

e

Mo
p1 V1A1 ey . ‘. _
where ! mo ooVods by definition. By continuity, p, Vi.4,=

mi_ poVods A
po Vo4, and thus e P Vodi— A,
The net thrust coefficient based on 4, is given by

OFK,= OP,' - Obp'

Cr, =2[(1+"" V“—l]——OD

(A5)
thus,

(A6)
0

The net thrust coefficient based on the engine frontal area
is related to Cp,’ by the following relation:

0= (5) )= (5) () G

The net thermal efficiency of a propulsive system is given as

FuVo
@ HV)QD;]J

A7)

where
Fo=0r,' 5 poVit do=3 C, (poVoAaVo— 2V
thus
1 Cp A7 Wq (A8)

KX (P H'v'_) gJ Wr

where w,/w, is the weight ratio of air to fuel for the complete
installation.

If fuel is added at stations A and B and the local Wefwy
ratios are known, it can be shown that

(%)W:[ )) :“: >+1]

since for one pound of mixture (see ref. 5)

'wa+wf>total (wa+'wf> <wa+wj>

Similarly, solving for the air-to-fuel ratio necessary to make
up a total ratio,

@), ]
A

APPENDIX B

RELATION BETWEEN ENGINE REQUIREMENTS AND THE
OPTIMUM INLET AREAS AT VARIOUS FLIGHT CONDITIONS

(49)

The corrected air flow given by the relation

6
(wa)corr.c— Wq 53
3

can be plotted in the form of a ratio to the rated corrected

value
(Won= wa\é—?)“
Thus p
(Woeorr. o (w —3% M,
o ( 03 )st
or
(220, =(10. %), s (2 ®1

where (wa)ar,=gp.Vods i8 the actual weight rate of air flow

through the engine at a given Mach number. For any
two Mach numbers M,, and M, the weight rates are thus
related by the ratio

wrw, | ()],
@, [ (% .)M

for a given engine.
The weight flow in the free stream through an area equal

to that of inlet passage is given by the relation gp,Ved;=
gpoMod;a, and the weight entering the inlet is given by

B2)

= robtodiod Tt | ®3)
At any two Mach numbers M, and M,
<g poMyd,ay %:)Ma
: (B4)

{(w, m
‘ QM“’ (g poldo A a, #ﬂ)
. - . Ma2
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If the two static pressures and temperatures are equal
(fixed standard altitude)

(AIMD s Af,
- = (e E: : ®5)
o “’az

The flow through the inlet must be equal to the flow
through the engine for a matched condition. Thus,

my ('wa)carr c 83
(4t L @ o,
_"ﬂ (wa)corr [ 53
(AIMO mt)u (Wu -J_
since 33== and p”—constant for a fixed altitude,
pO pll Psi
2,1 [ EL,
(Al)Man o Mg opt ('wu)xl Pa
@ [MD ) l, @deor < sy ;—]
Mo/ op:t ('wa),, Do
or
e ), 1, [V
(Al)”z L Mo/ ope o (wa Dy Po 6 a5
(AI)MI . I:MO Zl_l> l’ (Wa)eorr. ¢ stp‘_:o_J__];:L
Mo/ ops  Wda Dep Po ¥ bo o

The values of( Wedearr, ‘are [given by the engine (com-

(Wa)u:

pressor) characteristics for corrected compressor. speed
Teorr. o, Which may be found using figures 3 and 5. The
. rest of the terms are determined from the inlet character-
istics and flight conditions with the help of figures 2, 3, and 5.

For flight at different altitudes and Mach numbers it can
be shown, similarly to equation (B6), that

|: ml :L (wa)corr ¢ Pts a’lJ
(A, om D T Wdst Dy, Oy o
A (B7)
( I)M [M mx :L [ (Wa)corr. o (Wa)eorr. o Piy T ao | ‘
opt Pt (’wa):l Dy Crg

where a,‘=1/,,,3gRjz',3 is the speed of sound at stagnation

conditions.
The freb-stream area A4, required by the engine at various
flight conditions can be obtained using equation (B7) by

letting (%01—) =1, and A;=4,. | Thus
( u) [(wa)oorr ¢ Pry G0
(Ao, Wa)st piy 3o L
(Au)ul M, ‘Poﬂ) (Wa) corr. ¢ Dy Qo
Pt
Do

(Wa)s1 p_,oa'to Aty
1
where —=——— when
Dz, PxB/Po

2 gives Pts for My,
Do

(B8)

4

o

“53-1.0. Quadrant II of figure -
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Go__ Gy Qs
@y Qg G

ao\/1.4><519=£2 i
/2% 7Ty /778 0
where

b s the ratio of speed of sound at static temperature for

a,
i flight altitude to that at standard sea-level conditions.
This ratio can be found from quadrant I of figure 2.

\/% is given in figure 5 for T;=1T, , which can be found
from quadrants I and II of figure 3.

APPENDIX C

RELATION BETWEEN INLET MASS-FLOW RATIO AND THE
ENGINE AIR REQUIREMENTS AT A FIXED MACH NUMBER
AND ALTITUDE

The mass-flow ratio, by definition, is given by

m_p V14,
my p1Vods

The mass of air flowing through the inlet is then
pP1 V1A1=% po Vol

The weights of air flowing through the inlet and the engine
are equal and are given by

——gpovoAl—(wa)corr c( )
ua

(@), a3,

Thus, the ratio of mass flows at different m;/m,is given by

2 [ei(f) Jo

() [(wa wrr ( )Ma @

m o [ () ]
) [Baz(3), .

. (Waeorr. ¢
Solving for W

or

(C1)

and rearranging terms, one obtains

(u(’a):)orr c| (’u(7a):)arr cL ( 7"3 [((\/—5::]01”
We)st ml Wa)s1
ot \+0y/)

(C2)

For a given Mach number and altitude the total temperature
T., , is constant, hence

[( ) M, apt ('\/jM
By definition,
8=D: P
or
_PuP_PuPi o
DDt Pey Do Par

where %9=wnsmpt for a given M, and altitude, Thus,

st
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(.,

(Wa)corr. _ (W) corr. cl
et |m L @ ops (s ©3)
& v e
Using ( ("):)": ‘ o the compressor corrected speed 7o, . CAN
o m
mo

be found from the engine characteristics. = The actual
engine speed n can be found once /g, is known, since

N=Ncorr. o 405
APPENDIX D
SELECTION OF COMPRESSOR PRESSURE RATIO
The compressor pressure ratio p,,/ps, as used in this report,
has been selected using the maximum obtainable internal
, thrust coefficient as a criterion. Figures 2, 3, and 4 were

used together with the equation for the internal thrust
coefficient Cr,, (Appendix A, eq. (A3)). The calculations
were based on the following principles:

1. In order to segregate the effects of variation of engine
parameters from the effects of altitude and pressure recovery,
the conditions of the isothermal region of the atmosphere
were used and isentropic recovery was assumed.

2. The combined efficiency of the compressor and turbine
7o was assumed to be 100 percent in all computations, and
a combustion temperature of 2000° R was used.

3. The internal thrust coefficient Cr/ was determined for

assumed Mach numbers of flight. The exhaust nozzle was
considered 100 percent efficient.

The results of these calculations are shown in figure 15
for the turbojet without afterburning, The points of maxi-
mum internal thrust coefficients have been joined by a curve
which indicates the compressor pressure ratios necessary to
obtain optimum operation. The date of figure 15 are ideal-
ized since the variation in compressor efficiency with tem-
perature was not included (5., was assumed to be 100
percent).

The optimum pressure ratios, however, are not aﬂected
appreciably by the combined efficiency; the thrust co-
efficients, on the contrary, are largely dependent on effi-
ciency of every component of an installation. Pressure
ratios of the compressor of figure 7 at various Mach numbers
also are shown in figure 15. The value of p/p,=6.25 at
My=1.4 was selected as one that would produce approxi-
mately maximum internal thrust coefficient without after-
burning at Mach numbers less than 2.0. Figure 16, which
presents data similar to those of figure 15 but with after-
burning, shows that the same engine using afterburning is
capable of producing nearly maximum internal thrust
coefficients in the range of Mach numbers between 2.0 and
3.0. Again, the amount of afterburning was controlled so
that totel fuel consumption would be equal to that of the
ram jet of figure 6.
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TABLE I—SAMPLE CALCULATIONS FOR A TURBOJET
ENGINE WITH AND WITHOUT AFTERBURNING. -

T | Tl
0T
Item Source Units after- after-
burning | burning
Va Pig. 2, quadrant I é 4 1040 1910
DefPey Induction-system characteristics...| None....| ¢0.80 «0.80
Deyfpo Fig. 2, quadrant IL . ___. Nome....|” 6.25 6.25
Ty _s Fig.3, quadrants Tand IT_________ b : S 708 708
—‘/_% Fig. & for Ty omeeeeee Nane.... 0.858 0.858
n Actusal engine speed. ... .| rpmo_ ] «12, 500 s 12, 500
Neerr ¢ n—‘/;f; pm__..{ 10,720 ¢ 10,720
7 Compressor characteﬂsﬂw for | None_.—| ©0.900 « 0, 900
Rewrs o 88. 7.
e /Py Compressor characteristics for | None...| o458 4.5
Noeer o ig. 7.
T, Fig. 8 for pyfp, and Ty gomeooo °R__... 1060 1060
T, Engine characteristics for Neer. o | ° Roeoee] #2000 « 2000
fig. 7.
‘/}: 1A $ () o/ o SR None...- 0. 522 0.522
Reorr t n -‘/3—- pm___._ 6530 6530
3
m Tlinirgl.n;mohamcteﬂstimforﬂ..,. t, | None__..| 0,000 «0.900
PegfP, Flg. 4 for T, gepy a0d Tip .| Nove.|  2.50 2.50
T, Fig. 4 for P fpe, and Ty ooeoe. °R.__.- 1584 1584
=, ) . 1b air
w,)‘ Fig. 2 for Tuand T‘E" ......... --| 16 Toei—" T7.08 77.08
(% toial at | Assumed oqual to that of ram Jot | moms | ... | 208
station & operating at 3000° R. a
(%;2 addedat| Equation (A%) of appendiz A.._..| o | 9.2
station 8.
Ty Fig. 3, quadrant IV, for Ty and | °R.....| 1884 2028
i‘) added at station 8.
PylDo )(p")< (pD( ) None.__.| 1L30 11.80
ft
Vu Fig. 2, guadrants I end IV, and | gogm---—- 3us8 4207
D
(——'?) and T,
Cr! T €S- B =Y F—— None..| L2 | 280

« Values for assumed condition of operation.
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Figurs 2.—Velocity graph.
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Internal thrust coefficient, Cr,

Fraure 6.—Effects of total-pressure recovery on internal thrust coefficient of a ram jet operating at 3000° Rankine in the isothermal region

- Mach number, Mo

of atmosphere.
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Figure 14.—Free-stream area required by the turbojet engine of the illustrative examples.
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